. Certain polymorphic human KIR and mouse Ly49 NK receptors recognize MHC class I (MHC-I) or class I-like proteins (3) . In recent studies, these NK inhibitory receptors were shown to contribute to NK cell self-tolerance and education and, subsequently, mature NK cell effector functions (4) (5) (6) . Stimulatory NK receptors recognize host or pathogen ligands, although many ligands for these receptors are still unknown. Recent genetic data from chronic virus-infected patient cohorts have revealed that certain combined KIR and HLA class I genotypes correspond to disease protection (7) (8) (9) (10) . A greater potential for NK stimulation through KIR3DS1 activation receptor recognition of HLA Bw4 or stronger inhibition via inhibitory receptor KIR3DL1 and Bw4 allotypic binding pairs was implicated in delayed AIDS progression. Relatively weaker inhibitory receptor KIR2DL3-HLA C1 pairings corresponded with resolution of infection in chronic HCV patients. The underlying mechanism(s) of disease resistance influenced by MHC polymorphism and particular NK cell receptors, however, remain elusive.
In an acute virus infection model in mice, MHC (H-2 k ) loci were found to protect C3H, CBA, and BALB.K mice from lethal murine cytomegalovirus (MCMV) infection (11, 12) . Consistent with the previous mortality studies, resistance was also observed in MA/My (H- ) or BALB/c mice (13) (14) (15) . Related studies hinted that activated NK cells or NK cytotoxicity contributed to the H-2 k resistance effect (16, 17) . In support, we found that H-2 k was essential to NK cell-mediated MCMV resistance in reciprocal H-2 congenic MA/My and C57L strains (14, 18) . Through further positional cloning, we determined that a 0.3-Mb interval, including the MHC-I D gene, was indispensable for the H-2 k resistance effect (19) . MHC-I D k is a known ligand for the inhibitory Ly49G receptor (20, 21) . Ly49G2+ NK cells were found to be crucial to resistance in H-2 recombinant congenic R7 (Cmv r ) mice (19) . MHC-I D k on MCMV-infected cells is also recognized by the Ly49P activation receptor (15) . We hypothesized, therefore, that MHC-I D k contributes to NK-mediated resistance through Ly49 receptors. Yet it remained to be determined that MHC-I D k itself is required for in vivo resistance or whether resistance is specifically due to polymorphisms at surrounding genes that could contribute to MCMV phenotypes. To test the hypothesis that MHC-I D k is required for MCMV resistance, a genomic gene fragment was cloned and used to generate transgenic mice on different MCMVsusceptible genetic backgrounds. We examined transgenic mice for MHC-I D k expression, virus resistance phenotypes, and the role of NK cells in virus immunity. (Fig. 1A) , it was possible that the founder lines carried more than a single transgene copy, or that the insertion site in the genome affected transgenic expression. This might have contributed to an altered ratio of CD4+ and CD8+ T cells in Tg3-D k × C57L offspring (Fig. 1B) . Nonetheless, splenic T cells were not altered in Tg3-D 
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b offspring, nor were NK cell numbers significantly different in either genetic setting (Fig. 1B) .
Inasmuch as the MA/My-derived MCMV-resistance allele was dominant in (MA/My × C57L) hybrid offspring (14), we assessed the impact of Tg3-D k expression in MCMV-susceptible (Fig. S2 resistance to MCMV. NK cells were depleted from transgenic mice with NK1.1-or Ly49G2-specific mAbs given before MCMV infection. Interestingly, about 30% or 50% of NK cells displayed Ly49G2 receptors in uninfected transgenic mice on MA/My or C57L backgrounds, respectively, indicating that background genes affected the proportion of Ly49G2+ NK cells (Fig. 3A) . Moreover, NK cells expressed a lower level of Ly49G2 in the transgenic mice, indicating that MHC-I D k expression also affected detection of Ly49 receptor alleles, as shown for Ly49A when its cognate MHC ligand is present in cis (22) .
As expected, NK cell depletions with anti-NK1.1 mAb PK136 effectively abrogated MHC-I D k resistance (Fig. 3B) . Remarkably, mAb 4D11 depletion of Ly49G2+ NK cells had a comparable effect; MCMV resistance was substantially altered by greater than 2 log 10 ( Fig. 3B) . We further found that mAb AT8 depletion of Ly49G2+ NK cells resulted in the complete loss of virus resistance from Tg3LN2 mice (Fig. 3C ). These findings suggested that residual Ly49G2− NK cells were unable to limit virus replication. Consistent with this, Ly49G2+ NK cells were selectively expanded in Tg3MN2 spleens in response to MCMV (Fig. S4) , as seen before in the R7 congenic strain (19) , similar to the expansion of Ly49H+ NK cells in C57BL/6 mice due to cognate interactions between Ly49H and its ligand (23) . Because a role for Ly49P had been previously implicated in H-2 k MCMV resistance (15, 24), we next flow-sorted NKp46+CD3− splenocytes based on Ly49G expression. As expected, Ly49g expression was readily detected by RT-PCR in the Ly49G+ subset of NK cells (Fig. S5) . Ly49p, however, was broadly expressed in Ly49G+, as well as in Ly49G− NK cell subsets. After infection, a similar profile was observed (Fig. S5 ). These data indicate that Ly49p expression was not restricted to Ly49G+ NK cells; rather, it was abundantly and comparably expressed in both subsets. We conclude that MHC-I D k virus resistance required NK cells with cognate Ly49G2 receptors expressed; without this inhibitory receptor, Ly49p-expressing NK cells were inadequate to reign in MCMV infection. Error bars indicate SD. Statistical analysis was performed for all groups except R7 using a Student's t test. *P < 0.05, **P < 0.01.
We next assessed whether an intrinsic functional defect might explain why residual Ly49G-NK cells were ineffective in MCMV resistance in Ly49G-depleted mice. Splenic NK cells from B6 were sorted into Ly49G+ and Ly49G− NK subsets and assessed for cytotoxicity against several targets. As shown in Fig. 4A , cytokineactivated B6 NK subsets responded with comparable cytotoxicity to YAC-1, YB2/0, or RMA-S target cells, but Ly49G+ NK cell killing was diminished by cognate ligand-bearing YB-D d target cells. Tg and non-Tg splenocytes were next examined for cytokine production after stimulation with immobilized anti-NK1.1 mAb. Because it has been shown that IL-2 activation can enhance unlicensed NK cell function (4, 5), splenocytes were freshly prepared and tested. As shown in Fig. 4B , NKR-P1 stimulation triggered similar IFN-γ production in both subsets (Fig. 4B) . However, there was no difference in the relative frequencies of IFN-γ-producing Ly49G2+ and Ly49G2− NK cells in transgenic mice, or any difference between Ly49G2+ NK cells in Tg and non-Tg mice (Fig.  4C) . Nonetheless, the ratio of IFN-γ-productivity of Ly49G2+ to Ly49G2− NK cells in Tg mice was significantly higher than in nonTg mice (Fig. 4D) (Table 2) . A small proportion of residual recipient CD3+ lymphocytes was also seen in the BM chimeras, but a role for T cells in early H-2 k resistance has been excluded (19) . Hence, the BM chimeras were directly assessed for resistance to MCMV infection.
As animals; nontransgenic control animals given nontransgenic BM were unable to limit splenic virus replication (Fig. 5) . Unexpectedly however, no greater resistance was observed in nontransgenic recipients of Tg3-D k BM cells (Fig. 5A) , even though donor NK cells in the chimeras were functionally competent and responded with increased IFN-γ and CD69 by 40 h after MCMV infection (Fig. S6) . Interestingly, Tg3-D k recipients of nontrans- genic BM were also vulnerable to infection (Fig. 5A) , although partial resistance was observed in at least one experiment (Fig.  5B) . These data therefore suggest that NK cells recognize and respond to MCMV-induced differences in MHC-I D k expression on hematopoietic and nonhematopoietic cells to deliver efficient and adequate MCMV resistance. Discussion H-2 k and non-MHC genetic factors were shown to have a major effect on host survival after MCMV infection (11, 12) . Previous genetic studies ruled out the H-2 K/I-A-E region and mapped the MCMV resistance effect to a narrow (0.3-Mb) interval located within the class I D region, with only ∼30 resident gene candidates, including the D gene itself (18, 19) . However, because the resistance effect was tightly linked to genes coding for immune-related functions (e.g., Tnf, Lta, and Ltb), the critical gene(s) was still obscure. Importantly, we have shown that a MHC-I D k transgene alone was sufficient to confer the MCMV resistance effect in strains that were otherwise fully susceptible to infection.
We recently reported a critical role for NK cells with Ly49G2 inhibitory receptors in MCMV resistance in MHC-I D k congenic mice (19) . Remarkably, we have shown that Ly49G2+ NK cells were necessary for MCMV resistance in MHC-I D k transgenic mice. Specific depletion of Ly49G2+ NK cells before MCMV infection fully abrogated MCMV resistance so that virus levels in the spleen 3.5 days after infection were 100-to 1,000-fold higher than in mice with Ly49G2+ NK cells intact. This was substantiated by depletion with two different Ly49G2-specific mAbs. This finding is very different from what has been observed after depletion of Ly49G2+ NK cells in B6 mice where no effect on splenic MCMV titers was observed (27) , or where a limited, but Non-Tg chimeric mice reconstituted with transgenic BM differed significantly from non-Tg transfer control mice, nontransferred R7 control mice, and R7 littermates without MHC-I D k . *P < 0.05, **P < 0.01, ***P < 0.005.
significant, effect was recently observed in liver (∼5-fold increase) and salivary gland (∼10-fold increase) by 7 days after infection (28) . A profound Ly49G2 effect has so far been restricted to animals displaying H-2 k genetic resistance, and it is especially sensitive to MHC polymorphism.
One In an alternate model, Ly49P stimulated reporter cells by interacting with D k -gp34 complexes on infected targets (15, 24) . However, without a Ly49P-specific antibody, the in vivo significance of MCMV-infected cell recognition via this receptor is still in question. Together, several findings raise concern with an exclusive Ly49P-based MHC-I D k MCMV resistance model: (i) Depletion of the Ly49G2 subset fully abrogated virus resistance in MHC-I D k mice (19) (Fig. 3) , but (ii) Ly49G2 subset (∼40% of splenic NK cells) depletion had no impact on MCMV resistance in B6 mice (27) . Hence, unless Ly49P and Ly49G2 receptors were strictly coexpressed on NK cells, residual Ly49P+ NK cells in Ly49G2-depleted mice were totally ineffective in MCMV resistance. Preferential coexpression of Ly49D and Ly49H activation receptors has been shown (34) , but a similar finding, linking inhibitory and activation receptors, is unprecedented. Indeed, we found that Ly49p was broadly expressed in Ly49G+ and Ly49G− NK cells before or after infection (Fig. S5) . Last, (iii) BALB.K mice without Ly49P activation receptors still displayed H-2 k protection against lethal MCMV infection (11). Together, these data establish the primacy of Ly49G+ NK cells to deliver efficient MHC-I D k virus resistance. An intriguing possibility to reconcile potential discrete roles for the Ly49 receptors, Ly49G could give license to Ly49P and/or other stimulatory receptors on the same NK cells to rapidly respond with stimulation and proliferation during MCMV infection. In this scenario, MHC polymorphism may influence NK cell competency for recognition of MCMV-infected cells through inhibitory Ly49G receptors, and consequently the magnitude of the NK cell response toward infected target cells, which also display ligands for NK stimulatory receptors.
The importance of hematopoietic and nonhematopoietic cell types in NK-mediated MCMV resistance is in accord with a proposed model based on missing-self recognition via Ly49G2 inhibitory receptors. This differs from a related study where complete resistance was observed in radiation BM chimeras established by transfer of resistant C57BL/6 BM cells into MCMV-susceptible BALB.B recipients (35) . All virus-infected cells in B6→BALB.B BM chimeras were, in principle, competent to display MCMV m157 ligands at the cell surface, irrespective of their cellular origin. Considering the current study revealed a clear requirement for hematopoietic and nonhematopoietic cells; MHC-I D k should, therefore, represent a major target ligand for NK cell recognition and interaction with infected cells of both lineages.
Consistent with this, dendritic cells were shown to respond to MCMV infection with cytokines that stimulate NK cell cytotoxicity and proliferation (36) (37) (38) . In a reciprocal fashion, NK cells produce and release cytokines (e.g., IFN-γ) that augment DC stimulation, maturation, and antigen-presenting functions (39) . Indeed, ineffective NK/DC cross-talk has been linked to immune dysfunction characterized by altered NK and DC cytokine responses, altered DC maturation and DC instability, and delayed acquisition of virus-specific CD8+ T cells (37, (40) (41) (42) (43) . Recent studies to implicate nonhematopoietic cells have shown that MCMV readily infects and replicates in splenic stromal cells, more so than within hematopoietic cells (25, 26) . Further, MCMV resistance via Ly49H+ NK cells in C57BL/6 mice corresponded to their redistribution from red to white pulp during infection and preservation of splenic white pulp structure (26) . Drawing from the above studies, NK-mediated MHC-I D k resistance might involve efficient DC priming of Ly49G2+ NK cells responding to missing-self cues. Primed NK cells could then provide further enhancement of virus resistance with efficient NK cell recognition of infected stromal cells, through missing-self and possibly other NK stimulatory receptor signals. It is not known whether Ly49G2 may be more sensitive to MHC-I alteration on MCMV-infected cells than other NK inhibitory receptors, but its effect plainly involves NK cell contacts with MHC-I D k -expressing hematopoietic and nonhematopoietic cells. Further study using this model will help to elucidate novel mechanisms of NK cell activation and recognition of virus infection, which is causally linked with MHC-I polymorphism.
Materials and Methods
Mice. MA/My and C57L (Jackson Laboratory) and MHC congenic strains, including MA/My.L-H2 b , C57L.M-H2 k (R7), and C57L.M-H2 k (R12) described previously (18, 19) , were maintained in a specific pathogen-free vivarium at the University of Virginia. All animal studies were approved and conducted in accordance with Institutional Animal Care and Use Committee oversight.
Antibodies and Flow Cytometry. Anti-mouse CD3 (145-2C11) allophycocyanin, NK1.1 (PK136) PE, Ly49G2 (4D11)FITC, and allophycocyanin, CD8 (53-6.7)PE, H-2D k (15-5-5) PE and biotin, CD19 (1D3) allophycocyanin-Cy7, IFNγ (XMG1.2) FITC, and streptavidin-PerCP were purchased from BD Pharmingen. Anti-mouse CD4 (RM4-5) FITC, CD11c (N418) PE, Ly49G2 (AT8) biotin, and streptavidin-allophycocyaninCy7 were purchased from eBioscience. Anti-mouse CD3 (145-2C11) PerCP was purchased from BioLegend. Anti-mouse NKp46 (goat IgG) PE was purchased from R&D Systems. PK136, 4D11 (ATCC), and AT8-purified mAbs were prepared at the University of Virginia Lymphocyte Culture Center. Stained splenocytes were analyzed by flow cytometry on a FACSCanto I or FACSCanto II (BD Biosciences). Data were collected using FACSDiva software (BD Biosciences) and analyzed using FlowJo (version 8.0; Tree Star). For flow sorting NK cells, uninfected or MCMV-infected splenocytes from transgenic mice were resuspended in MACS buffer and positively selected using CD49b (DX5) microbeads and an autoMACS Separator (Miltenyi Biotec) according to the manufacturer's protocol. DX5-enriched lymphocytes (82-84% NK cells) resuspended in HBSS 1% FBS were stained for surface antigens as described (14) . Cells were resuspended in 1 μg/mL DAPI (Sigma) immediately before sorting for live/dead discrimination. NKp46+CD3− cells were sorted into 4D11+ and 4D11− fractions using either a Becton Dickinson FACSVantage SE Turbo Sorter with DIVA Option or an iCyt Reflection.
NK Cytokine and Cytotoxicity Assays. Stimulation of splenocytes was performed as described previously (5) . In brief, splenocytes (8 × 10 5 /well) resuspended in R10 complete media plus low-dose IL-2 (100 U/mL) and Brefeldin A (5 μg/mL) were incubated on immobilized PK136 (32 μg/mL) for 4 h at 37°C. For control stimulation, splenocytes were incubated with 100 ng/mL PMA (Sigma) plus 0.7 μg/mL ionomycin (Sigma) for 4 h at 37°C. Afterward, cells were stained for surface antigens followed by permeabilization (BD Cytofix/Cytoperm; BD Biosciences) and staining for intracellular IFN-γ.
For cytotoxicity experiments, C57BL/6 splenic NK cells enriched by negative selection using AutoMACS magnetic separation (Miltenyi Biotech) were stained for DX5, TcRβ, and Ly49G before sorting into Ly49G+ and Ly49G− populations. Both NK cell populations were expanded for 7 days in NK cell medium supplemented with human r-IL2 (1,000 U/mL), and then assessed as effectors in 4 h 51 Cr release cytotoxicity assays using standard methods (44) .
Virus Assays. Experimental mice (7-12 weeks) were i.p. infected with SGV stocks (1-3 × 10 4 PFU). To study the role of NK cells during infection, mice were i.p. injected with 200 μg anti-NK1.1 mAb PK136 or anti-Ly49G2 mAb 4D11 or AT8 48 h before MCMV infection. NK cell depletions were confirmed by staining splenocytes for NKp46 and Ly49G2 (mAb AT8 or 4D11). Spleen virus levels were quantified as described previously (14, 45) .
Preparation of Bone Marrow Chimeras. C57L.Cg-Tg3-D k (N 3 or N 4 ) mice and their nontransgenic littermates were used to establish radiation bone marrow (BM) chimeras as described previously (46) . Briefly, donor BM cells (4-8 × 10 6 /200 μL PBS) from 8-to 10-week mice were i.v. injected into the tail vein of lethally irradiated (two 5.75-Gy doses given 3 h apart) recipients (7-16 weeks). Recipients and donors were sex and NKC haplotype matched to enhance donor cell reconstitution. BM transfers were withheld from several transgenic and nontransgenic radiation control animals. The control animals died within 8-13 days. Recipients were given sulfate water for the first 3 weeks and analyzed ∼6 weeks after transplantation.
